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SUMMARY We used a novel adaptation of methods for microtubule polymerization in 
vitro to assess the MTOC activity of centrosomes in frozen-sectioned tissues. Remarkably, 

centrosomes of tissue sections retain the ability to nucleate microtubules even after several KEY WORDS 

years of storage as frozen tissue blocks. Adaptations of these methods allow accurate cytoskeleton 

counts of microtubules from individual cells and the quantitative estimation the MTOC ac- polymer 

tivity of the intact tissue. These methods can be utilized to characterize MTOC activity in MTOC 

normal and diseased tissues and in particular tissues at different stages of development. development 

(J Histochem Cytochem 47:1265-1273, 1999) disease 



Centrosomes and mitotic spindle poles are the major 
microtubule organizing centers (MTOCs) of inter- 
phase and mitotic cells (Archer and Solomon 1994; 
Kellogg et al. 1994). They are responsible for deter- 
mining the number and polarity of cytoplasmic micro- 
tubules through their action as the preferred site for 
microtubule nucleation (Mitchison and Kirschner 1984). 
The form and the overall shape and distribution of cy- 
toplasmic microtubules are a consequence of microtu- 
bule dynamics, which is governed by the concentra- 
tion of free tubulin, the state of microtubule-end 
interactions (particularly GTP- vs GDP-tubulin), and 
the binding and modification of microtubules by a va- 
riety of associated and capping proteins (Kirschner 
and Schulze 1986). Cellular morphogenesis of the mi- 
crotubule array is therefore believed to result from a 
continual selection of individual microtubules from a 
complex and dynamic population (Kirschner and Schulze 
1986). Individual cytoplasmic microtubules in cul- 
tured interphase cells have a half-life of 5-30 min, 
with a select subset of quasi-stable microtubules dis- 
playing a longer half-life on the order of 30 min to 1 
hr (Saxton et al. 1984; Schulze and Kirschner 1986; 
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Webster et al. 1987; McBeath and Fujiwara 1990). 
Microtubules show a dramatic increase in number and 
a reduction in half-life to approximately 30 sec during 
formation of the mitotic spindle (Kirschner and 
Schulze 1986; Wadsworth and Salmon 1988; Zhai et 
al. 1996; Joshi 1998). 

Since the earliest reports of visualization of micro- 
tubules by indirect immunofluorescence (Fuller et al. 
1975; Weber et al. 1975), understanding of microtu- 
bule distribution in cultured cells has advanced signifi- 
cantly. More recently, investigation of microtubule 
dynamics in vivo has become possible through novel 
developments in tubulin labeling, video microscopy, 
and computer-enhanced imaging (see Waterman-Storer 
1998 for a recent review). However, comparable meth- 
ods for visualizing microtubules and assessing MTOC 
activity in cells within the structural context of normal 
tissue architecture have lagged behind those for cells 
grown in culture. This has been due, in part, to diffi- 
culty in visualizing microtubules within tissue sections 
and also to the loss of microtubule integrity during 
preparation of tissues for microscopy. Here we de- 
scribe a simple method for identifying the location of 
centrosomes and for assessment of their capacity to 
nucleate microtubules in cells of frozen tissue sec- 
tions. The procedure also provides a direct measure 
of the capacity for microtubule nucleation by indi- 
vidual cells within the tissue section. These methods 
are based on the ability of centrosomes to nucleate 
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microtubules both in detergent-extracted cell models 
and after isolation in vitro when sufficient free tubu- 
lin and conditions appropriate to support microtu- 
bule growth are provided (McGill and Brinkiey 1975; 
Snyder and Mcintosh 1975; Gould and Borisy 1977; 
Telzer and Rosenbaum 1979; Mitchison and Kirsch- 
ner 1984). 

Materials and Methods 

Sample Procurement and Cell Culture 

Human breast tissues obtained from mastectomy and 
lumpectomy surgeries were collected according to an Institu- 
tional Review Board-approved protocol. Data from breast 
adenocarcinoma specimens and normal breast samples from 
reduction mammoplasties are reported in this study. All tu- 
mors were invasive and were designated by staff pathologists 
at the time of surgery as histological Grade 3 or 4 (Mayo 
grading system). Specimens were obtained from patients 
who had undergone no chemotherapy or radiation therapy 
before surgery. Tissue specimens were frozen in liquid nitro- 
gen immediately after surgery and were stored at -70C until 
use. HeLa cells (Gey et al. 1952) were obtained from the 
American Type Culture Collection (Bethesda, MD). Cell cul- 
tures were maintained in Eagle's MEM medium supple- 
mented with 10% fetal calf serum under 5% C0 2 in air at 
37C. Before use, HeLa cells were seeded onto clean, sterile 
glass coverslips and cultured for 48 hr. 

Microtubule Nucleation on Cryosections 
and in Detergent Extracted Cell Models 

Cryosections of unfixed human breast tissue mounted on 
coverslips coated with Fro-Tissuer (Electron Microscopy Sci- 
ences; Ft Washington, PA) and cultured cells were permeabil- 
ized for 10 min with chilled microtubule stabilizing buffer 
(MTSB: 1% Triton X-100, 10 mM Pipes, pH 7.2, 2 mM 
EGTA, 1 mM MgS0 4 ) and washed several times in this buf- 
fer without detergent. Cold reaction mixture (75 ul), consist- 
ing of cytostatic factor arrested Xenopus egg extract (see be- 
low; Murray 1991), prepared as a dilution series (final 
extract concentration (v/v) 5-20% and tubulin concentra- 
tion approximately 6-18 u.M) in MTSB containing 1 mM 
GTP, was applied to the specimen and incubated on ice for 
10 min. The coverslips were then incubated for between 3-7 
min at 28C to initiate microtubule nucleation and growth. 
The reaction was stopped by dilution and microtubules were 
stabilized with 20 uM taxol (Sigma; St Louis, MO) in MTSB 
before fixation by immersion in -20C methanol for 10 min. 
A particularly useful alternative to the use of whole tissue 
sections consisted of "touch" preparations, which were 
made by pressing a coverslip against a freshly cut 30-p.m- 
thick cryosection. Individual epithelial cells transferred out 
of the tissue section and stuck to the coverslip, leaving be- 
hind connective tissue elements that otherwise interfere with 
microtubule visualization. One or two touch preparations 
could be made from each 30-um-thick tissue secdon. Indi- 
vidual cells transferred in this manner were processed for mi- 
crotubule nucleation as described above. 



Microtubule Localization on Tissue Sections 
and Cell Preparations 

Tissue sections and cell preparations were stained for micro- 
tubules using the indirect immunofluorescence technique. 
Specimens were rehydrated in three changes of MTSB and 
then treated in blocking buffer, consisting of PBS, pH 7.2, 
with 5% normal goat serum, 1% glycerol, 0.1% bovine se- 
rum albumin (Fraction V; Sigma), 1% fish skin gelatin, and 
0.04% sodium azide, for 5 minutes at room temperature 
(RT). Specimens were reacted for 1 hr at RT with primary 
antibody consisting of a mixture of anti-a-tubulin and anti- 
0-tubulin monoclonal preparations (B512 and 2.1; Sigma) at 
1:2000 and 1:200 dilution, respectively, in the blocking 
buffer. Some specimens were stained for centrosome local- 
ization using antibodies against centrin [26/14-1 (Baron et 
al. 1992)], a ubiquitous centrosome protein. The coverslips 
were then washed three times for 5 min each in PBS, treated 
a second time with blocking buffer for 5 min at RT, and 
then reacted with secondary FITC -goat-anti-mouse IgG (Cap- 
pel; Warrington, PA) or FITC -goat-anti-rabbit IgG (Cappel) 
at 1:800 dilution. Finally, the preparations were washed 
three times in PBS, mounted in Vectashield mounting me- 
dium (Vector; Burlingame, CA) containing DAPI (0.2 ug/ 
ml) or propidium iodide (2.5 ng/ml), observed on a Zeiss in- 
verted IM35 or a Nikon FXA epifluorescence microscope, 
and recorded on film or using a Hamamatsu digital camera 
(C4742) and Metamorph (Universal Imaging; West Chester, 
PA) computer software. 

Preparation of Xenopus Egg Extract 
Eggs of the frog Xenopus laevis are laid arrested in 
metaphase II of meiosis (Murray 1991). Cytoplasmic ex- 
tracts were prepared in the presence of EGTA to maintain 
low levels of free Ca 2+ [cytostatic factor (CSF) -arrested ex- 
tracts]. Such extracts have been widely used as a rich source 
of tubulin and MAPs, and for studies of cell cycle regulation 
of centrosome microtubule nucleation and microtubule dy- 
namics in vitro (Karsenti et al. 1984; Verde et al. 1990; Mur- 
ray 1991; Andersen 1998). We followed the procedures of 
Murray (1991) to prepare Xenopus CSF-arrested cytoplas- 
mic extracts, which were snap-frozen in liquid nitrogen as 
100 u.1 aliquots and stored at -70C until use. Extracts were 
defrosted immediately before use. Aliquots from a given 
preparation yielded results that were qualitatively consistent 
from experiment to experiment for up to 2 months from the 
date of their initial preparation. 

Results 

Microtubule Nucleation by Centrosomes In Vitro 
Figure 1 shows an "aster" of microtubules that was 
nucleated by the centrosome of a human breast tumor 
cell prepared using the touch method described above. 
Over 120 microtubules originate from a single focus 
and extend outward approximately 20-25 u,m in a 
uniform radial array. Individual microtubules are ei- 
ther relatively straight or show one or more gently 
curved regions. Under the conditions used here [8% 
extract concentration (v/v), 7-min incubation time, 



Microtubule Nucleation in Tissue Sections 

and 28C], few free microtubules are present that do 
not appear to originate from the centrosome region. 
Unattached microtubules may originate by spontane- 
ous assembly, or some may represent broken ends of 
microtubules that originate at the centrosome. Vary- 
ing the concentration of cytoplasmic extract from 5 to 
20% produced greater numbers of centrosome-bound 
microtubules until a plateau was reached. This obser- 
vation indicates that the number of nucleation sites at 
the centrosome is finite and can be saturated. How- 
ever, when cytoplasmic extract was used at high con- 
centration, many spontaneous polymerization events 
occurred, which resulted in many free microtubules 
that were not anchored at centrosomes. Because ex- 
cess free microtubules made accurate counts difficult, 
each experiment was carried out with a series of cyto- 
plasmic extract dilutions (extract concentration from 
5 to 20%). Only the highest concentration of extract 
that gave centrosome nucleation and no or very little 
spontaneous free microtubule assembly was used for 
comparative analysis. Furthermore, because cells at- 
tached to the glass coverslip may cause steric limita- 
tions to microtubule growth from centrosomes, these 
methods may result in an underestimation of the ac- 
tual microtubule nucleation capacity. Nevertheless, 
for identically treated samples, statistically significant 
differences in microtubule nucleation capacity were 
observed between normal and tumor tissue and for 
cells at different stages of the cell cycle (see below). 

Microtubule Nucleation by Centrosomes 
of Tissue Sections 

Figures 2A-2E illustrate centrosome location and mi- 
crotubule nucleation on frozen-sectioned normal tis- 
sue from human breast specimens. Centrosomes were 
localized using antibodies directed against centrin, a 
protein found in centrosomes of all eukaryotic cells 
(Salisbury et al. 1986; Salisbury 1995). Figure 2A il- 
lustrates centrosome staining (FITC, green) in epithe- 
lial cells of a normal breast duct. The breast duct is 
lined with stratified epithelium; the inner continuous 
cell layer of the duct consists of cuboidal epithelial 
cells and the outer discontinuous layer consists of my- 
oepithelial cells. Each epithelial cell has a single cen- 
trosome that lies at the apical-most region of the cell 
and above the nucleus (propidium iodide, red). Several 
basal or myoepithelial cells show centrosomes that are 
oriented either towards the duct lumen or towards the 
basement membrane side of the cell. Figures 2B and 
2C illustrate the microtubule-nucleating capacity of 
normal breast duct epithelial cells. Frozen-sectioned 
tissue was incubated in cytoplasmic extract as de- 
scribed above. Figure 2B shows microtubule nucle- 
ation in a normal breast duct, including both cross- 
sectional and tangential views of a portion of its lining 
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Figure 1 Microtubule nucleation activity by a centrosome from a 
cell of a human breast tumor touch preparation. Bar = 10 ^.m. 



epithelium at low magnification. Each cell has a bright 
apical aster of microtubules. Figure 2C shows a micro- 
tubule aster nucleated by a centrosome located in the 
apical-most region of a cell lining a normal duct. This 
centrosome nucleated 12-13 microtubules that extend 
out into the duct lumen or inward over the cell nu- 
cleus. This microtubule aster clearly demonstrates both 
the location and activity of the centrosome. Figures 
2D and 2E show microtubule asters nucleated by fi- 
broblasts located in the dense connective tissue be- 
yond the area of a lobule of a normal breast specimen. 
These centrosomes nucleated four and 12-13 microtu- 
bules, respectively. Not all cells in a frozen-sectioned 
specimen of normal tissue show the capacity to nucle- 
ate microtubule asters. This may be due to the absence 
of a centrosome in the plane of the section, cen- 
trosome loss during preparation, low inherent micro- 
tubule-nucleation capacity, or inactivation of some 
centrosomes during processing or storage. 

Figures 2F-2H illustrate centrosome staining and 
microtubule nucleation capacity on frozen-sectioned 
tissue of human breast adenocarcinoma specimens. 
Centrosomes were stained using indirect immunofluo- 
rescence for centrin (Figure 2F). Unlike normal tissue, 
tumor cells show unusually large and irregular masses 
of centrin staining, with many cells displaying more 
than one concentrated region of centrin localization. A 
previous study of 35 high-grade tumors demonstrated 
that centrosomes of human breast adenocarcinoma 
cells characteristically display abnormal structure, ab- 
errant protein phosphorylation, and supernumerary 
centrioles (Lingle et al. 1998). Figures 2G-2H demon- 
strate that breast tumor cells show unusually high mi- 
crotubule nucleation capacity, with individual cells 
generating large numbers of microtubules that initiate 
from multiple foci and from the general region of the 
nuclear envelope. Furthermore, most tumor cells in a 
given section show nucleation capacity, whereas nor- 
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Figure 2 (A-E) Centrosome position 
and microtubule-nucleation capacity in 
frozen-sectioned normal human breast 
tissue. (A) Centrosome localization in a 
human breast duct revealed by immu- 
nostaining for centrin and FITC-second- 
ary antibody. Each epithelial cell lining 
the duct shows an FITC-labeled apical 
centrosome. (B,C) Microtubule-nucle- 
ation capacity of breast duct epithelial 
cells from normal tissue shown at low 
(B) and high (C) magnification. (D,E) 
Microtubule-nucleation capacity of 
breast connective tissue fibroblasts from 
normal tissue. Nuclei are stained with 
propidium iodide. (F-H) Centrosome 
staining and microtubule nucleation 
capacity in tissue sections of human 
breast tumors. (F) Centrosome localiza- 
tion in a human breast adenocarci- 
noma revealed by immunostaining for 
centrin and FITC-secondary antibody. 
Each tumor cell shows unusually large 
and irregular centrosome staining. 
(G-H) Microtubule-nucleation capacity 
of breast adenocarcinoma cells from 
tumor tissue shown at high magnifica- 
tion. Nuclei are stained with propidium 
iodide except in F, where no nuclear 
stain was used. Bars = 10 pm. 
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mal tissue cells show less frequent nucleation. Because 
of the high cell density seen in tumors, the microtu- 
bule arrays generated in the nucleation assay often 
overlap with one another, making accurate counts of 
microtubule difficult. Nevertheless, it is clear from 
comparison of normal and tumor specimens that tu- 
mor cells show more frequent nucleation of larger mi- 
crotubule numbers than do cells of normal tissues (see 
below). 

Microtubule Nucleation by Centrosomes 
of Touch Preparations 

To more accurately quantify microtubule nucleation 
capacity, we have exploited the nucleation assay using 
touch preparations of normal and tumor tissue. Figure 
3 shows individual normal breast (Figures 3A and 3B) 
and breast tumor (Figures 3C and 3D) cell touch prep- 
arations that were employed in the microtubule nucle- 
ation assay as described in Materials and Methods. 
The low cell density and lack of interference from ex- 
tracellular matrix material in touch preparations al- 
lows accurate counts of microtubules to be made. 
Touch preparations made from normal breast tissue 
(Figures 3A and 3B) show a single distinctly focused 
microtubule aster of less than 30 microtubules for 
each cell. On the other hand, breast tumor touch prep- 
arations (Figures 3C and 3D) show large numbers of 
microtubules that emanate from one or more cen- 
trosomes. These observations corroborated our find- 
ings on frozen whole-mounts of sectioned tissue. Both 
touch preparations and sections from normal tissue 
consistently nucleated fewer microtubules, which were 
focused at a single centrosome, and tumor prepara- 
tions nucleated many more microtubules, often ema- 
nating from multiple foci in individual cells. Table 1 
shows quantitative analysis of these differences. 

Microtubule Nucleation by Centrosomes 
of Cell Models 

The distribution of endogenous microtubules seen in 
an interphase HeLa cell is shown in Figure 3E, and mi- 
crotubule nucleation by centrosomes of detergent- 
extracted interphase, prophase, and mitotic HeLa cell 
models is shown in Figures 3F-3H, respectively. Mi- 
crotubules course through the cytoplasm and do not 
necessarily focus at a single juxtanuclear centrosome 
in interphase HeLa cells, although many individual 
microtubules converge near the nucleus (Figure 3E). 
Although this microtubule distribution is characteris- 
tic for many HeLa cells in interphase, mitotic cells ex- 
hibit distinct foci of microtubules at the spindle poles 
(not shown). Nevertheless, when interphase cells are 
extracted with detergent and then assayed for micro- 
tubule-nucleation capacity, most microtubules nucle- 



ate and grow from a single juxtanuclear centrosome 
(Figure 3F). In the example shown here, approxi- 
mately 20 microtubules originate at the centrosome 
and extend outward beyond the original margins of 
the cell boundary. Individual microtubules are quite 
straight, and their overall distribution is not compara- 
ble to that seen in interphase cells that were otherwise 
untreated (compare the distribution of microtubules in 
Figure 3E to those in Figure 3F). This observation has 
implications for the dynamics and redistribution of 
microtubules in vivo (see below). The microtubule- 
nucleating capacity of centrosomes has been estimated 
to be approximately fivefold greater in mitotic com- 
pared to interphase cells (Kuriyama and Borisy 1981). 
After incubation with cytoplasmic extract. HeLa cell 
models that were in mid-prophase at the time of deter- 
gent extraction show two distinct asters of nucleated 
microtubules (Figure 3G). Although the distribution 
of microtubules nucleated in the prophase cell models 
is qualitatively similar to that for microtubules in vivo, 
there are important distinctions. First, individual mi- 
crotubules are longer (and generally straighter), ex- 
tending beyond the cell boundary in the models. Sec- 
ond, there are typically many more microtubules in 
vivo than in the cell models after microtubule nucle- 
ation. For the prophase cell shown here, over 70 mi- 
crotubules extend from the two nascent spindle poles, 
corresponding to 3.5 times the number of microtu- 
bules nucleated by a typical interphase cell model cen- 
trosome (compare Figures 3F and 3G; see Table 1). 
HeLa cells that were in mitosis at the time of detergent 
extraction show even greater numbers of microtubules 
nucleated at the spindle poles (Figure 3H). Therefore, 
when the centrosome duplicates to give rise to two 
spindle poles, each spindle pole also acquires a greater 
capacity to nucleate microtubules than that seen for 
individual centrosomes of interphase cells. Further- 
more, the nucleation capacity seen in cell models does 
not explain the larger number of microtubules seen in 
typical interphase or prophase cells in vivo. It is possi- 
ble that in vivo nucleation sites are utilized for multiple 
rounds of microtubule initiation and growth, whereas 
the in vitro conditions used here result in only one or a 
few rounds of microtubule nucleation. 



Discussion 

Late in the nineteenth century. Van Beneden recog- 
nized that the position of the centrosome relative to 
the nucleus defines a structural "cell axis" that indi- 
cates the overall functional polarity of the cell (see 
Wilson 1925). More recently, it has become clear that 
cell and tissue architecture are a consequence of com- 
plex interactions involving a dynamic interplay among 
elements of the cytoskeleton and their relationship to 
cell junctions and the extracellular matrix. The micro- 




tubule-based aspect of the cytoskeleton plays a major 
role in these processes through the polar nature of in- 
dividual microtubules and the fact that microtubule 
morphogenesis is determined by the activity of a dis- 
crete, characteristically positioned centrosome. Visual- 
ization of the activity of centrosomes and of cytoplas- 
mic microtubules is routine for cells grown in culture, 
where conditions can be adjusted to yield optimal cell 
density and rapid fixation, and where cells can adhere 



to the coverslip in a manner that is suitable for high- 
quality immunofluorescence microscopy. In general, 
tissue sections lack these features, and for this reason 
microtubule localization in tissue preparations is often 
unsatisfying. Here, a novel assay is presented that cir- 
cumvents some of these problems. The methods devel- 
oped in this study are useful for identifying the posi- 
tion of the cell's major microtubule organizing center 
(MTOC) and its activity and for revealing differences 
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Table 1 Microtubule nucleation by centrosomes in touch 
preparations and in detergent-extracted HeLa cell models" 



Early prophase 
Late prophase 
Metaphase 



in microtubule nucleation capacity between normal 
and diseased tissue and for cells at different cell cycle 
stages. The results of this study show that centrosomes 
are robust organelles, retaining the capacity for micro- 
tubule nucleation even after prolonged storage as fro- 
zen specimens and cryosectioning. Centrosomes of 
cells in tissue sections can be localized and their 
MTOC activity can be assessed quantitatively on the 
basis of microtubule-nucleation capacity, using the 
methods presented here. Cells from normal breast tissue 
characteristically show a single MTOC that typically 
nucleates fewer than 30 microtubules, whereas breast 
tumor cells are characterized by multiple MTOCs 
that nucleate a larger number of microtubules. Iden- 
tification of sites for microtubule nucleation in fro- 
zen-sectioned tissue both indicates the location of po- 
tential sites of active microtubule nucleation and 
serves as a quantitative measure of microtubule-nucle- 
ation capacity for the intact tissue. Furthermore, for 
accurate quantitative assessment of the number of 
microtubules nucleated by cells of normal and dis- 
ease tissue, touch preparations were evaluated as the 
method of choice for specimen preparation. 

Microtubules typically originate and remain an- 
chored at the centrosome. However, in some cells in- 
dividual microtubules may not appear to be associated 
with the centrosome (McNiven and Porter 1988; Meads 
and Schroer 1995; Vorobjev et al. 1997). For exam- 
ple, axonal microtubules may originate at the cen- 
trosome of the neuron cell body and may subsequently 
be released or severed from their centrosome attach- 
ment and translocated to distant regions in axonal 
processes (Baas and Joshi 1992; Joshi and Baas 1993; 
Yu et al. 1993; Ahmad and Baas 1995). Microtubule 
nucleation and release from the centrosome are not 
restricted to neuronal cells (McBeath and Fujiwara 
1990; Vale 1991; Karsenti 1993; Hartman et al. 
1998). Observations made in this study suggest that 
these features are common to centrosomes in general. 
For example, the number of microtubules nucleated 



by centrosomes on tissue sections and in detergent- 
extracted cell models is significantly less than the 
number of microtubules observed in vivo. This sug- 
gests that microtubule-nucleation sites in living cells 
are used repeatedly and release polymerized microtu- 
bules, which may either remain centrosome-associated 
or redistribute to other regions of the cytoplasm. In 
addition to the spatial control of centrosome-directed 
nucleation, the assembly of microtubules is also sub- 
ject to physiological regulation. This activity is based, 
in part, on the availability of active nucleation sites in- 
volving 7-tubulin and associated proteins (Oakley et al. 
1990; Joshi et al. 1992; FeUix et al. 1994; Stearns and 
Kirschner 1994), on regulation by cell cycle specific 
kinases (Riabowol et al. 1989; Buendia et al. 1991; 
Gotoh et al. 1 99 1 ; Wheatley et al. 1997; Hinchcliffe et 
al. 1 998) and by developmental factors (Hewitson et 
al. 1997a,b; Holy and Schatten 1997). The methods 
presented here rely on the use of Xenopus egg extract 
to support microtubule nucleation on tissue sections 
and touch preparations. These extracts are rich in tu- 
bulin and other components that may affect microtu- 
bule nucleation. The use of egg extracts in these assays 
has several advantages. First, egg extract preparation 
is rapid and simple, and extract can be aliquotted and 
stored frozen to provide material for multiple assays 
with consistent results. Second, comparison of differ- 
ences in microtubule nucleation by cells at different 
cell cycle stages demonstrates that assessed activities 
reflect the capacity of the centrosomes being evalu- 
ated to nucleate microtubules. Finally, our observa- 
tions demonstrate that disease states may also affect 
the microtubule nucleation capacity of centrosomes. 
We have previously shown that centrosomes of breast 
tumor cells have unusually high levels of phosphory- 
lated centrosome proteins, particularly centrin, and 
contain excessively large centrosomes and supernu- 
merary centrioles (Lingle et al. 1998). These features 
are characteristic of centrosomes of other tumor types 
as well (Doxsey 1998; Pihan et al. 1998). Here we 
present a simple method for assessing the location 
and activity of microtubule nucleation sites in frozen- 
sectioned tissues. The utility of these methods is con- 
firmed in touch preparations of tissue sections and in 
detergent-extracted cell models. These methods should 
be generally applicable to the study of centrosome po- 
sition and activity in sections of tissues at different 
developmental states and in a variety of disease pro- 



Acknowledgments 

Supported by the National Cancer Institute of the NIH 
CA 72836. Race for the Cure/Twin Cities, Breast Cancer Re- 
search Foundation, Fraternal Order of Eagles Cancer Re- 
search Fund, Sitt Foundation, and the Mayo Foundation. 



1272 



Salisbury, Lingle, White, Cordes, Barrett 



Literature Cited 

Ahmad FJ. Baas PW (1995) Microtubules released from the neu- 
ronal centrosome are transported into the axon. J Cell Sci 
108:2701-2769 

Andersen SS (1998) Xenopus interphase and mitotic microtubule- 
associated proteins differentially suppress microtubule dynamics 
in vitro. Cell Motil Cytoskel 4 1 :202-2 1 3 

Archer J. Solomon F (1994) Deconstructing the microtubule-orga- 
nizing center. Cell 76:589-59 1 

Baas PW, Joshi HC (1992) Gamma-tubulin distribution in the neu- 
ron: implications for the origins of neuritic microtubules. J Cell 
Biol 119:171-178 

Baron AT, Greenwood TM, Bazinet CW. Salisbury JL (1992) Cen- 
trin is a component of the pericentriolar lattice. Biol Cell 76:383- 
388 

Buendia B. Clarke PR, Felix MA. Karsenti E, Leiss D, Verde F 
(1991) Regulation of protein kinases associated with cyclin A 
and cyclin B and their effect on microtubule dynamics and nucle- 
ation in Xenopus egg extracts. Cold Spring Harbor Symp Quant 
Biol 56:523-532 

Doxsey S (1998) The centrosome— a tiny organelle with big poten- 
tial [news]. Nature Genet 20: 104-106 

Felix M, Antony C. Wright M. Maro B (1994) Centrosome assem- 
bly in vitro: role of -y-tubulin recruitment in Xenopus sperm aster 
formation. J Cell Biol 124: 19-3 1 

Fuller GM, Brinkley BR, Boughter JM (1975) Immunofluorescence 
of mitotic spindles by using monospecific antibody against bo- 
vine brain tubulin. Science 187:948 

Gey GO, Coffman WD, Kubicek MT (1952) Tissue culture studies 
of the proliferative capacity of cervical carcinoma and normal 
epithelium. Cancer Res 12:264-265 

Gotoh Y, Nishida E. Matsuda S, Shiina N, Kosako H, Shiokawa K, 
Akiyama T, Ohta K, Sakai H (1991) In vitro effects on microtu- 
bule dynamics of purified Xenopus M phase-activated MAP ki- 
nase. Nature 349:251-254 

Gould RR, Borisy GG (1977) The pericentriolar material in Chinese 
hamster ovary cells nucleates microtubule formation. J Cell Biol 
73:601-615 

Hartman JJ, Mahr J, McNally K, Okawa K, Iwamatsu A, Thomas 
S, Cheesman S, Heuser J, Vale RD. McNally FJ (1998) Katanin, 
a microtubule-severing protein, is a novel AAA ATPase that tar- 
gets to the centrosome using a WD40-containing subunit. Cell 
93:277-287 

Hewitson L. Haavisto A, Simerly C, Jones J, Schatten G (1997a) 
Microtubule organization and chromatin configurations in ham- 
ster oocytes during fertilization and parthenogenetic activation, 
and after insemination with human sperm. Biol Reprod 57:967- 
975 

Hewitson L, Simerly C, Schatten G (1997b) Inheritance defects of 
the sperm centrosome in humans and its possible role in male in- 
fertility. Int J Androl 20:35-43 

Hinchcliffe EH, Cassels GO. Rieder CL, Sluder G (1998) The coor- 
dination of centrosome reproduction with nuclear events of the 
cell cycle in the sea urchin zygote. J Cell Biol 140:1417-1426 

Holy J, Schatten G (1997) Recruitment of maternal material during 
assembly of the zygote centrosome in fertilized sea urchin eggs. 
Cell Tissue Res 289:285-297 

Joshi HC (1998) Microtubule dynamics in living cells. Curr Opin 
Cell Biol 10:35-44 

Joshi HC, Baas PW (1993) A new perspective on microtubules and 
axon growth.JCell Biol 121:1191-1196 

Joshi HC, Palacios MJ, McNamara L. Cleveland DW (1992) -y-tubu- 
lin is a centrosomal protein required for cell cycle-dependent mi- 
crotubule nucleation. Nature 356:80-83 

Karsenti E (1993) Severing microtubules in mitosis. Curr Biol 
3:208-210 

Karsenti E, Newport J, Hubble R, Kirschner M (1984) Interconver- 
sion of metaphase and interphase microtubule arrays, as studied 
by the injection of centrosomes and nuclei into Xenopus eggs. J 
Cell Biol 98:1730-1745 



Kellogg DR, Moritz M. Alberts BM (1994) The centrosome and cel- 
lular organization. Annu Rev Biochem 63:639-674 

Kirschner M. Schulze E (1986) Morphogenesis and the control of 
microtubule dynamics in cells. J Cell Sci Suppl 5:293-310 

Kuriyama R, Borisy GG (1981) Microtubule-nucieating activity of 
centrosomes in Chinese hamster ovary cells is independent of the 
centriole cycle but coupled to the mitotic cycle. J Cell Biol 
91:822-826 

Lingle WL, Lutz WH. Ingle JN. Maihle NJ. Salisbury JL (1998) 
Centrosome hypertrophy in human breast tumors: implications 
for genomic stability and cell polarity. Proc Natl Acad Sci USA 
95:2950-2955 

McBeath E. Fujiwara K (1990) Microtubule detachment from the 
microtubule-organizing center as a key event in the complete 
turnover of microtubules in cells. Eur J Cell Biol 52:1-16 

McGill M, Brinkley BR (1975) Human chromosomes and centrioles 
as nucleating sites for the in vivo assembly of microtubules from 
bovine brain tubulin. J Cell Biol 67:189-199 

McNlven MA, Porter KR (1988) Organization of microtubules in 
centrosome-free cytoplasm. J Cell Biol 106:1593-1605 

Meads T. Schroer TA (1995) Polarity and nucleation of microtu- 
bules in polarized epithelial cells. Cell Motil Cytoskel 32:273- 
288 

Mitchison T, Kirschner M (1984) Microtubule assembly nucleated 

by isolated centrosomes. Nature 3 1 2:232-237 
Murray A (1991) Cell cycle extracts. Methods Cell Biol 36:581-605 
Oakley B, Oakley C. Yoon Y, Jung M (1990) 7 -Tubulin is a compo- 
nent of the spindle pole body that is essential for microtubule 

function in Aspergillus nidulans. Cell 61:1289-1301 
Plhan GA, Purohit A, Wallace J, Knecht H. Woda B, Quesenberry 

P, Doxsey SJ (1998) Centrosome defects and genetic instability in 

malignant tumors. Cancer Res 58:3974-3985 
Riabowol K, Draetta G, Brizuela L, Vandre D, Beach D (1989) The 

cdc2 kinase is a nuclear protein that is essentia] for mitosis in 

mammalian cells. Cell 57:393-401 
Salisbury JL (1995) Centrin, centrosomes, and mitotic spindle poles. 

Curr Opin Cell Biol 7:39-45 
Salisbury JL, Baron AT, Coling DE, Martindale VE, Sanders MA 

(1986) Calcium-modulated contractile proteins associated with 

the eucaryotic centrosome. Cell Motil Cytoskel 6:193-197 
Saxton W, Stemple D, Leslie R. Salmon E, Zavortink M, Mcintosh J 

(1984) Tubulin dynamics in cultured mammalian cells. J Cell 

Biol 99:2175-2186 
Schulze E. Kirschner M (1986) Microtubule dynamics in interphase 

cells. J Cell Biol 1 02: 1 020- 1 03 1 
Snyder J, Mcintosh J (1975) Initiation and growth of microtubules 

from mitotic centers in lysed mammalian cells. J Cell Biol 67: 

744-760 

Stearns T, Kirschner M (1 994) In vitro reconstitution of centrosome 
assembly and function: the role of 7-tubulin. Cell 76:623-637 

Telzer BR. Rosenbaum JL (1979) Cell cycle-dependent, in vitro as- 
sembly of microtubules onto pericentriolar material of HeLa 
cells. J Cell Biol 81:484-497 

Vale R (1991) Severing of stable microtubules by a mitotically acti- 
vated protein in Xenopus egg extracts. Cell 64:827-839 

Verde F, Labbe JC, Doree M, Karsenti E (1990) Regulation of mi- 
crotubule dynamics by cdc2 protein kinase in cell-free extracts of 
Xenopus eggs. Nature 343:233-238 

Vorobjev IA, Svitkina TM. Borisy GG (1997) Cytoplasmic assembly 
of microtubules in cultured cells. J Cell Sci 1 10:2635-2645 

Wadsworth P. Salmon ED (1988) Spindle microtubule dynamics: 
modulation by metabolic inhibitors. Cell Motil Cytoskel 1 1:97- 
105 

Waterman-Storer CM (1998) Microtubules and microscopes: how 
the development of light microscopic imaging technologies has 
contributed to discoveries about microtubule dynamics in living 
cells. Mol Biol Cell 9:3263-3271 

Weber K, Pollack R, Bibring T (1975) Antibody against tubulin: 
The specific visualization of cytoplasmic microtubules in tissue 
culture cells. Proc Natl Acad Sci USA 72:459-463 

Webster DR. Gundersen GG, Bulinski JC. Borisy GG (1987) Assem- 



Microtubule Nucleation in Tissue Sections 



1273 



bly and turnover of detyrosinated tubulin in vivo. J Cell Biol 
105:265-276 

Wheatley SP, Hinchcliffe EH, Clotzer M. Hyman AA, Sluder G. 
Wang Y (1997) CDK1 inactivation regulates anaphase spindle 
dynamics and cytokinesis in vivo. J Cell Biol 138:385-393 

Wilson EB (1925) The Cell in Development and Heredity. 3rd ed. 
New York. Macmillan, 106-111 



Yu W. Centonze VE. Ahmad FJ. Baas PW (1993) Microtubule nu- 
cleation and release from the neuronal centrosome. J Cell Biol 
122:349-359 

Zhai Y. Kronebusch PJ. Simon PM. Borisy GG (1996) Microtubule 
dynamics at the G2/M transition: abrupt breakdown of cytoplas- 
mic microtubules at nuclear envelope breakdown and implica- 
tions for spindle morphogenesis. J Cell Biol 135:201-214 



